Introduction
The goal of remote sensing of the subsurface, particularly in urban environments, is to create an accurate 3D representation of the ground and all other buried features. For streetworks operations, this activity becomes crucial as an accurate knowledge of the subsurface allows appropriate planning for quick and clean operations, with minimal impacts on traffic, businesses and multiple other city disruptions under all three pillars of sustainability (Read and Vickridge, 2004; Rogers, 2015) . With increasing demands on surface space in cities, more and more attention is been given to the use of underground space (Bobylev, 2016) . Ground Penetrating Radar (GPR) and other remote sensing technologies are often reliable creators of 2D maps, but accurate depth estimations remain a major challenge, which is recognised by the ASCE (2002) guidelines, which do not attribute depth information to geophysical survey data in contrast to the BSI (2014) specification. Inaccurate depth information can have significant consequences ranging from increased risk of utility strikes (Metje et al., 2015) to requiring trench wall support for deeper excavations. As a result, operators and the public's health and safety are at risk, as well as delays to the project if site operations are not prepared for any complications resulting in significant added costs. In addition, in urban areas in particular, the subsurface is very congested and complicated with services of different ages and at different depths therefore accurate location including depth is vital (Fig. 1) .
More generally, GPR is employed in a wide variety of applications, such as the identification of soil layers, the depth of shallow bedrock and the water table, the detection of land mines, the location of utilities and the identification of archaeology just to mention a few, but for all of these depth information is absolutely vital (Daniels, 2004) . However, the ability of GPR to detect underground features is strongly dependent on the electromagnetic (EM) properties of the soil, which are affected by the soil type and conditions (Doolittle and Collins, 1995; Doolittle et al., 2007) . Comprehensive characterisation of the EM behaviour of soils is essential when applying shallow geophysical methods such as GPR for investigating the subsurface if the ambitious goals of accurate 3D mapping are to be achieved. This paper represents the culmination of a novel and ambitious programme of research to make a step change in the understanding of the soil EM properties for surface remote surveying of the subsurface (Thomas et al., 2008 (Thomas et al., , 2010a (Thomas et al., , 2010b Thring et al., 2014) . Therefore, a significantly increased understanding of the variation of the EM soil parameters with different soil properties and more importantly with weather conditions, in particular water infiltration, is vital to improve the depth resolution of GPR and other geophysical survey technologies (Foo et al., 2011; Rogers et al., 2009) , allowing for better planning and interpretation of surveys. A direct knowledge of the variability of the soil's EM properties encountered in the field will give GPR practitioners the tools necessary for selecting the best equipment, providing better confidence in the data (including depth) and ultimately leading to an improved 3D representation of the subsurface, which has significant benefits to their clients.
The fundamental EM soil properties are the dielectric permittivity, the electrical conductivity and the magnetic permeability. Soils are often considered non-magnetic (Cassidy, 2009) , although this is not true if they contain significant amounts of magnetic minerals such as iron oxides (Cassidy, 2008) . The EM behaviour of non-magnetic soils can be described by the electrical properties only (i.e. dielectric relative permittivity and electrical conductivity).
Several techniques, including GPR and Time Domain Reflectometry (TDR), have been successfully used to estimate the soil water content based on the measurement of the EM soil properties (Huisman et al., 2003a; Robinson et al., 2003; Topp et al., 1980) . More recently it has been shown that these properties are related to basic geotechnical parameters, such as the Atterberg limits and the linear shrinkage which could potentially be used for their prediction Thomas et al., 2010a Thomas et al., , 2010b . This would be a significant advantage to geotechnical engineers and geophysicists as it is often easier to determine the geotechnical soil properties in the field. This would also benefit all geophysical surveys relying on EM signal transmission with applications ranging from buried utilities to mineshafts and archaeology.
Past research involving EM sensors such as TDR has primarily focussed on the measurement of the soil water content based on the apparent permittivity (K a ) and, in some cases, on the bulk electrical conductivity (BEC, S/m) (Bittelli et al., 2008 , Heimovaara and Bouten, 1990 , Herkelrath et al., 1991 , Herkelrath and Delin, 2001 , Logsdon, 2005 . TDR has the advantage to be able to measure both parameters, although not all the available commercial systems offer this possibility (Robinson et al., 2003) . Field measurements by TDR have successfully been carried out in the past (Herkelrath et al., 1991, Herkelrath and Delin, 2001; Menziani et al., 2003, Rajkai and Ryden, 1992) . However, the simultaneous and continuous long-term field monitoring of both K a and BEC is starkly noticeable by its absence in the literature. Long-term (i.e. seasonal) field monitoring of the EM soil properties has considerable benefits when compared with repeated GPR measurements as it would provide a comprehensive understanding of the soil behaviour and useful insights on the use of the GPR technique. The key benefit of TDR is that it operates on similar principles to GPR and hence is particularly well suited for supplementing GPR data during monitoring applications as it can provide more detailed insights on the spatial and temporal variations of the soil properties. Both TDR and GPR work at a similar frequency range (i.e. approximately 10 MHz to 1 GHz) and therefore the two techniques can be directly compared and used effectively in combination. In this frequency range the measurements respond predominantly to the amount of free water within the soil and are less affected by the bound water held on the surface of the soil particles (Saarenketo, 1998; Gong et al., 2003) . The total water content (i.e. bound and free water) of the soil can be measured with alternative techniques such as neutron probes and nuclear magnetic resonance sensors although they are currently not commonly used due to high cost and health and safety issues. Other widely used EM techniques such as the capacitance probes and electrical resistivity methods operate at a lower frequency range and therefore are less comparable to GPR. They are also more susceptible to temperature variations, salinity and soil texture than TDR (Robinson et al., 2003) . The main difference between TDR and GPR is the sampling volume, with TDR measuring a small volume of a few cm 3 around the probe (Ferré et al., 1998) while GPR measures a greater volume of the order of several m 3 , depending on the equipment used and the attenuation of the soil. Previous studies compared point measurements from TDR sensors and GPR measurements using the ground wave propagating through the topsoil (Huisman et al., 2001 (Huisman et al., , 2003b . However, due to the limited penetration depth of the ground wave, these studies investigated only a shallow depth of a few centimetres below the surface. Weiler et al. (1998) used TDR probes at different depths to establish a soil specific calibration and compared the results to GPR measurements. However, TDR sensors were not left long-term on site and a discussion on the seasonal effects on the GPR performance was not carried out.
The seasonal variation of soil properties has been investigated in the past in order to understand their effect on the GPR ability to detect soil layers (Boll et al., 1996; Kowalsky et al., 2001; Lunt et al., 2005; Zhang et al., 2014) . However, these studies discussed only the results of selected field campaigns not repeated over the years, possibly failing to account for more rare extreme conditions. The literature provides no information of studies conducted in the field of utility detection combined with the influence of changing soil conditions on the depth estimates of the targets. As highlighted previously, if this information is not accurate in the 3D representation of the buried assets in the ground, it can lead to a significantly increase in health and safety risks and cost due to additional traffic congestion, project delays and utility damage.
The aim of this paper therefore is to fill a gap in the literature with respect to long term monitoring of K a and BEC using TDR and relating this to GPR surveys for utility detection throughout a range of weather conditions. Both short-term (i.e. daily) and long-term (i.e. seasonal) variations were investigated and quantified by a bespoke TDR installation and their influence on GPR surveys for buried utility detection assessed. An analysis of the potential errors in depth estimates induced by changing soil properties, vitally significant for accurate 3D models, is also presented.
Electromagnetic monitoring with TDR and GPR
TDR and GPR are both EM methods working on analogous principles and are similarly dependent on the EM properties of the soil, i.e. the dielectric permittivity, the electrical conductivity and the magnetic permeability.
The dielectric permittivity is a measure of the ability of a material to polarise under the influence of an electric field. It represents the signal energy that can be stored in a material through separation of charges. It is described by a frequency dependent complex number, ε r ⁎ (f), with the real part representing the storage of energy, ε r ′(f), and the imaginary part describing the loss mechanisms, ε r ″(f). It is normally expressed as the ratio to the dielectric permittivity of free space (ε 0 , 8.854 × 10 −12 F/m). The relative complex dielectric permittivity, ε r ⁎ (f) -from now on the terms 'relative' and 'dielectric' will be omitted -is given in Eq.
(1).
where ε p ″( f) represents the dipolar losses due to relaxation, σ dc is the static electrical conductivity (S/m), f is the frequency (Hz) and j is the imaginary number, √−1. TDR measures an apparent permittivity that comprises both the real and imaginary parts of the complex permittivity and can be approximated to the real permittivity only in low-loss materials (Bittelli et al., 2008; Topp et al., 2000) . The soil apparent permittivity, K a (note that the symbols ε and K have been used interchangeably in the literature, see for example Robinson et al., 2003 and Huisman et al., 2003a) , is defined by Eq. (2).
where μ r is the relative magnetic permeability, expressed as the ratio between the absolute magnetic permeability of the soil and the absolute magnetic permeability of free space (μ 0 , 1.26 × 10
H/m). For low-loss soils K a is related to the signal propagation velocity, v (m/s), by Eq. (3).
where c is the speed of light in a vacuum (2.9979 × 10 8 m/s).
The principle on which TDR operates is similar to the principle of radar. TDR sends a broadband EM pulse into a coaxial transmission line comprising a cable and a probe, usually consisting of two or three metal rods, and measures the reflections resulting from an impedance change (Robinson et al., 2003) . The frequency corresponding to the measured K a (Eq. (2)) depends on the equipment used and on the dispersive nature of the soil (i.e. the variation of the complex permittivity with frequency), and is generally not easily specified (Robinson et al., 2003) . The typical TDR frequency bandwidth is between 10 MHz and 1 GHz (Topp et al., 2000) . According to Eq. (2) the soil K a includes the magnetic characteristics, together with the dielectric losses due to relaxation and electrical conductivity. However, practical geophysical applications such as GPR do not necessarily require knowledge of each individual component and K a is most useful because of its relationship with the signal propagation velocity (Eq. (3)). In addition, TDR is able to measure the low frequency value of BEC that is reasonably close to the static conductivity (Topp et al., 2000) and gives an indication of the signal attenuation. Therefore TDR can be used to characterise the EM behaviour of soils. Extensive information on the calibration and measurement of K a and BEC by TDR are found in the literature and are not discussed here (see, among others, Bechtold et al., 2010 , Curioni et al., 2012 , Lin et al., 2007 , Robinson et al., 2003 .
GPR can be used to measure the soil K a in the presence of a clear target (Huisman et al., 2003a) . In the case of linear buried utilities such as pipes, the typical GPR response taken from transects perpendicular to the target is a hyperbola. The average K a of the soil above the target can be measured by fitting the hyperbola (Huisman et al., 2003a) , from which the signal velocity can be calculated using Eq. (3) and the depth of the target estimated. Conventionally, GPR has the disadvantage that it cannot be automated for field surveys and therefore is less suited for continuous monitoring.
Field case study

Site characterisation
A TDR-based field monitoring station was developed at the University of Birmingham campus (UK) in order to continuously monitor the soil K a and BEC for a long-time period covering different seasons (Curioni, 2013) . The test site was located on quaternary glaciofluvial deposits dated to the Middle Pleistocene (0.126-0.781 Ma). The water table was known to vary between 6.5 m and 8.0 m depth (Hatzichristodulu et al., 2002) . According to BSI (2015) the investigated soil was very gravelly SAND comprising a topsoil of 0.20 m overlaying a sandy subsoil. For convenience of analysis, the subsoil was divided into subsoil 1, from approximately 0.20 and 0.70 m, and subsoil 2, from 0.70 and 1.10 m, with slightly higher clay content (Fig. 2a) . Aside from its easily accessible location, the site was chosen because was deemed to be relatively representative of urban environments. In fact, the soil lacked specific structure, it contained anthropogenic materials such as bricks and traces of coal, and was disturbed during construction works that occurred a few decades ago. Furthermore, although the soil was not covered with a hard surface, it was deemed representative of urban conditions as it was rich in sand, gravel and cobbles, materials typically found under roads and pavements. Moreover, it represents anthropogenic fill which is common in urban environments where the parent soil has been displaced during development processes. According to the British Geological Survey superficial geology map (BGS 1:50,000) similar sand and gravel deposits are widespread in the UK and found in several major urban areas.
The characterising parameters for the three horizons are summarised in Table 1 . Density and oven-dried gravimetric water content (GWC) were measured on samples collected before the TDR installation. Due to the limited depth of the manual excavation the density and GWC were not measured for the deeper horizon. pH and organic matter (OM) were measured from samples taken during the TDR field installation.
Field monitoring
The monitoring equipment consisted of a Campbell Scientific TDR100 device, three SDMX50SP multiplexers and two arrays of eight CS645 TDR probes (three-rod, 75 mm long, 3 m cable length) installed horizontally down to approximately 1 m depth and 1 to 2 m apart (Fig. 2b) . The reason for using two arrays derived from the need for cross-validation of the results and also as a backup in the event of probe failure. Three temperature sensors were also buried at different depths. The TDR probes were relatively shallow in order to provide detailed information on the typical depth of utilities in the UK ). Measurements were taken with hourly frequency for a period of approximately 22 months, starting the 20th August 2010 and ending the 6th July 2012. A number of gaps in the data occurred during this period mainly related to problems with the power supply. Further details on the experimental development, calibration and data processing are reported in Curioni et al. (2012) and Curioni (2013) . The measurement error of the TDR setup used in this study was shown to be ± 2% and ± 3% for K a and BEC, respectively, based on travel time measurements in liquids. Weather data were collected from a weather station located approximately 100 m from the test site. In addition to the continuous monitoring by TDR, regular GPR surveys (approximately once a week) were conducted on a predefined transect over specifically buried targets in order to study the impact of the temporal variations of the EM soil properties on GPR ( Fig. 2c and d) . The targets were 25 mm diameter stainless steel pipes and 100 mm diameter (air-filled and sealed at both ends) plastic pipes, 2.5 m and 2 m long, respectively, and were buried at different depths down to approximately 1 m. The Detector Duo GPR system by IDS (Ingegneria Dei Sistemi) was used giving an output frequency at approximately 250 MHz and 700 MHz. A standard processing technique included in the GRED software provided by the GPR manufacturer was used to analyse the data and involved vertical and horizontal bandpass filters, smoothed gain and moved start time (i.e. zero time correction). The identified hyperbolae were manually fitted using the GRED software in order to calculate the average K a of the soil above the target (Huisman et al., 2003a) . In order to reduce uncertainty in the analysis, the mean values obtained from four repeated scans along the same transect were used. The differences between different scans were found to be negligible.
Results and discussion
Seasonal variation of the EM soil properties
During the monitoring period the soil EM properties varied significantly, which has a significant impact on the interpretation of geophysical survey data. Fig. 3 shows the variation with depth of K a and BEC measured by each TDR probe and for both arrays. The variability with depth decreased during dry conditions, expressed by minima values of EM soil properties. Conversely, a higher variability with depth was measured during wet periods. In this case, higher values of the EM soil properties were measured by the shallower probes inserted in the topsoil and by the deeper probes inserted in the more clayey soil horizon. This variability within the soil profile can lead to multiple reflections and hence contribute to the degradation of the GPR results (see later Section 4.3). Fig. 3 demonstrates the existence of similar trends for both arrays, although the absolute values were not always consistent.
The summary statistics of the measured properties organised by soil horizon for the entire period of field monitoring are shown in Table 2 . The extent of variation occurring in the soil studied was significant, with K a changing over a factor of 7 for the topsoil and 3 for the subsoil. The corresponding propagation velocity calculated from Eq. (3) varied by a factor of approximately 3 and 2 for the topsoil and subsoil, respectively. The magnitude of BEC changed by a factor of more than 100 for the topsoil and 8 for the subsoil, however the values remained low over the monitored period due to the sandy nature of the soil. Despite the seasonal variation of BEC being less significant for this soil, the change in K a has important implications for the transmission of EM waves through soil. Examples of GPR results taken at extreme conditions are described later and demonstrate the importance of this variation.
In order to determine the depth of buried targets the propagation velocity of GPR signals must be known and can be calculated from a measurement or estimation of the soil K a according to Eq. (3) (Martinez and Byrnes, 2001; Pennock et al., 2012) . Typical ranges of values for different materials are reported in the literature, often with a distinction between wet and dry conditions (Daniels, 2004) . It is crucial to note that mean values are likely not representative of the real soil conditions. For this case study this is demonstrated by the frequency histograms shown in Fig. 4 . It is apparent that K a and BEC were not normally distributed and two approximate peaks could be identified corresponding to dry and wet conditions (i.e. low and high values, respectively). In particular, the mean K a values did not occur often during this period and extreme values were more common. During the monitored period extreme conditions occurred (Spring 2011 was very dry, Spring 2012 was very wet) and this allowed the full range of the EM properties of the soil studied to be measured. It is worth noting that these extreme conditions were sampled only thanks to the continuous long-term monitoring programme covering multiple seasons over two consecutive years. Fig. 5 shows the seasonal variation of the rainfall, air temperature and of the EM soil properties for each horizon during the monitoring period. The data correspond to the daily rainfall, the daily air temperature and the daily means of all the probes inserted in each soil horizon. The topsoil showed greater seasonal variability, with the largest difference between the maxima and minima values. Because of the direct influence of rainfall and evaporation events, a higher variability was also visible for the topsoil over shorter periods of time. Similar dynamics were reported by other authors for soil water content (Menziani et al., 2003; Rajeev et al., 2012) . Both subsoil horizons, which only contained small amounts of clay and therefore had low water holding capacity, showed more homogeneous values. K a varied significantly, with higher values in Winter and lower values in Summer.
1 BEC followed a similar trend but showed a smaller variation because of the sandy and gravelly nature of the soil studied. Fig. 5 indicates the existence of a positive relationship between the EM soil properties and rainfall and an approximate inverse relationship with air temperature over the Summer months.
Short-term variation of the EM soil properties
One of the benefits of a continuous soil monitoring station is the ability to study short-term changes in the soil conditions, including diurnal variations and the effect of precipitation events. Fig. 6 shows the variation of the EM soil properties for two selected periods occurring in Spring 2011, during dry conditions, and in Spring 2012, during wet conditions, respectively. In both cases the soil temperature did not vary significantly, with differences between maxima and minima smaller than 3°C despite a change in the air temperature of more than 8°C over a 24 h period. Both K a and BEC remained approximately constant during the selected periods and changed noticeably only to precipitation events. It is worth noting that the TDR measurements in this study were not corrected for temperature. The variation of K a due to temperature was negligible except at very high water contents corresponding to K a greater than 25, where an additional variability of ±1 unit of K a was possible (Curioni, 2013) . Rainfall was confirmed to be the dominant driver causing the EM soil properties to change. A time lag of a few hours from a significant rainfall event occurring on the 18th April 2012 and the increase in the values of EM soil properties was recorded by the probes in the topsoil (Fig. 6 ). Time-domain cross correlation analyses on a number of additional precipitation events confirmed the existence of statistically significant lagged correlations between rainfall and EM soil properties, with lags of the order of several hours up to several days, depending on the depth and on the rainfall intensity, and duration (Curioni, 2013) . Although not unexpected, these results have potential implications for planning and interpreting GPR surveys (see Section 4.4). Both K a and BEC did not show an evident diurnal cycle for the soil studied. The lack of a diurnal cycle for soil water content has been previously reported in the literature for other soil types (Mohanty et al., 1998) . It is reasonable to assume that in the absence of a diurnal cycle for temperature it is likely that both K a and BEC do not exhibit a diurnal cyclic variation. This, however, might not be true for locations with highly conductive soils and significant daily temperature variation.
Impact of seasonal conditions on GPR
The variation of the EM soil properties could have an important impact on the performance of GPR. In order to demonstrate this, extreme wet and dry conditions over the monitoring period were selected and analysed based on the K a values measured by the TDR probes. At the wet extreme the K a along the soil profile ranged between approximately 9 and 25, with the majority of probes measuring values greater than 15. At the dry extreme the measured K a was between approximately 3 and 9, with the majority of probes measuring values smaller than 5. Fig. 7 shows the processed radar sections obtained at these extremes over the buried targets at the test site. The white arrows with white and black tips show the pipes specifically buried for this study (metal and plastic, respectively. See also Fig. 2c) ; the black arrows indicate the approximate location of other pipes/objects already present on site. The quality of the images was substantially reduced during wet conditions ( Fig. 7a and b ) as compared to dry conditions ( Fig. 7c and d) , particularly at 700 MHz, likely because of greater attenuation. The pipes on the right of the section, buried at approximately 1 m depth, were not clearly visible during wet conditions and therefore could potentially remain undetected. The unidentified object on the right of the section, indicated by a black arrow in Fig. 7c and d, was only visible during dry conditions. Despite the low EM loss due to the negligible BEC, the abundance of cobbles of the dimension of a few centimetres contributed to dissipate the signal through multiple reflections. Increased scattering due to the presence of cobbles, bricks and other object is a common problem in anthropogenic materials and can significantly reduce the quality of GPR images (Igel, 2008; Slob et al., 2009; Igel et al., 2011) . Table 3 shows the signal propagation velocity (m/ns) and K a for the wet and dry extremes obtained after fitting the hyperbola generated from the metal pipe at approximately 5 m along the transect and 0.53 m deep (second white arrow from the left in Fig. 7) using the GRED software. This metal pipe was chosen for the analysis because it was always detectable and it could be approximated more realistically to a point source compared to the larger plastic pipe at the same depth. The deeper targets could not be used for this comparison because of the difficulty of fitting the hyperbolae during wet conditions. Due to the non-dispersive nature of the soil, fitting using the two different GPR frequencies returned very similar values of K a . A velocity variation was observed corresponding to wet and dry conditions, with a mean absolute difference of 0.054 m/ns. The K a measured with GPR was used in this analysis because it was considered more representative of the bulk soil conditions above the target (i.e. the TDR measurements are more localised).
The variation in velocity at extreme soil conditions has important implications for accurately determining the depth of underground objects. Taking the pipe buried at 0.53 m depth as an example of a target for which the depth is not known and cannot be determined (e.g. a hyperbola cannot be fitted), a K a value is required in order to estimate the propagation velocity (Eq. (3)) and therefore the target depth. It is of critical importance to estimate a value of K a accounting for both the soil type and conditions. Table 3 shows the error in depth estimation obtained by using the average K a corresponding to 0.53 m (i.e. 9.5) measured by the TDR probes and by using typical values for wet and dry sand as reported in the literature (Daniels, 2004) . The average value of K a above 0.53 m was calculated from the TDR probes using the refractive index averaging method (Topp et al., 1982; Robinson et al., 2003) , according to Eq. (4).
where L i is the thickness of the soil layer i with contrasting values of K a compared to the adjacent layers. For this analysis, and a subsequent comparison between TDR and GPR described in Section 4.5, the soil profile was divided into layers of varying thickness down to a depth of 1.08 m (i.e. corresponding to the deepest TDR probe) based on the measured K a values and the depth of the buried probes. Three layers of thickness 0.10 m, 0.22 m and 0.21 m were used to describe the conditions above 0.53 m. As mentioned above, different input K a values were used to calculate the signal velocity using Eq. (3). The K a obtained from fitting the GPR hyperbola was the correct value as it was an actual measurement representing the soil conditions at the time of the survey (first two columns in Table 3 ). The average K a measured by the TDR probes during the entire monitoring period calculated using Eq. (4) was chosen as an arbitrary input K a (second and third columns in Table 3 ). Finally, typical K a values reported in the literature for wet and dry conditions were also used (fourth and fifth columns in Table 3 ). After converting the input K a to velocity using Eq. (3), the depth of the target was calculated by multiplying the velocity and the time of the top reflection corresponding to Table 3 Propagation velocity and estimated target depths with relative error calculated using different K a input values, i.e. the actual K a measured by GPR using the metal target at 0.53 m, the average K a measured by TDR over the same depth, and the 'typical' K a values for the soil studied (Daniels, 2004 Fig. 8 . Radar sections obtained a) and b) before, and c) and d) after a rainfall event occurring during wet soil conditions. the metal target buried at 0.53 m (second white arrow from the left in Fig. 7 ). This value was halved to account for the two way travel of the signal. It is apparent that using the average K a value measured by TDR over the monitoring period produced significant errors of 19% and 28.5% if used during wet and dry conditions, respectively. Daniels (2004) reported values of 10-30 for wet sand and 2-6 for dry sand. These ranges are quite large for wet conditions but help reduce the error of depth estimation, particularly during dry conditions (Table 3) . It is therefore important to measure or assess the soil conditions during GPR surveys if more accurate estimations of the target depths are needed, for example during repair/new installation works on sites with a high density of buried utilities and higher risk of strikes. Comparable errors in depth estimation caused by lateral variations of water content were also reported in the literature (Boll et al., 1996) . This demonstrates the importance of both the spatial and temporal variations of the soil K a for accurate measurements of the target depths. If the soil type is known, an improved estimation of K a (and therefore depth) can be obtained by using mixing models (Martinez and Byrnes, 2001) or by numerical simulations (Pennock et al., 2012) . Alternatively, if the soil volumetric water content can be assessed, a value of K a can be estimated from petrophysical relationships (e.g. Topp et al., 1980; Birchak et al., 1974) . If a probe can be inserted in the ground, technologies such as TDR can be used to provide a direct and therefore more accurate measurement of the soil K a .
Impact of rainfall events on GPR
Three significant rainfall events spread over different seasons in 2011 were selected in order to study the impact of rainfall on the GPR results. GPR surveys were conducted before and 3-4 days after these rainfall events. Fig. 8 shows the radar sections obtained during a rainfall event occurring in February 2011 during wet soil conditions. Fig. 9 shows the results of a rainfall event occurring in October 2011 during dry soil conditions. The amount and duration of precipitation were approximately comparable and are shown in Table 4 . It is interesting to note that while there was only a minor change in the image quality during the February event ( Fig. 8c and d are not dissimilar to Fig. 8a  and b ), the quality was evidently reduced during the October event (Fig. 9) . As compared to the strong targets visible before the rainfall event ( Fig. 9a and b) , these became less clear afterwards, particularly so at increasing depth and for the plastic pipes (white arrows with a black tip in Fig. 9 ). The unidentified object indicated by the black arrow on the right of the radar sections in Fig. 9 disappeared after the rainfall event. Analogous results were observed for a similar event occurring in June 2011 during dry conditions. These findings indicate that the ability of detection is not further reduced by rainfall events if the soil conditions are already wet, but there might be implications for surveys following rainfall events during dry conditions. This is a significant finding, as traditionally, wet soils have been perceived as more problematic for GPR surveys. Soil water content heterogeneity is known to be responsible for the deterioration of the GPR signals and was shown to significantly affect the GPR performance on lowconductive sandy soils in other studies (Igel, 2008; Igel et al., 2011) . Since the results reported here were based on a limited number of cases it might not be appropriate to extend these conclusions to rainfall events of different intensity and other soil types. However, it is reasonable to assume that if the soil is subject to water infiltration following rainfall it is likely to become less suited to GPR, either because of an increasing signal attenuation, for example in clayey soils, or because of an increase in signal scattering as happened in this study. Fig. 9 . Radar sections obtained a) and b) before, and c) and d) after a rainfall event occurring during dry soil conditions. Table 4 shows the variation in velocity and K a measured by GPR before and after the three selected rainfall events. K a increased by approximately 1 unit and the propagation velocity of 0.006 m/ns. These values were greater than the uncertainty measured from the repeated GPR scans (i.e. the standard deviations between repeated scans were smaller than 0.001 m/ns and 0.2 for propagation velocity and K a , respectively). However, they do suggest that the conditions of sandy soils might not change dramatically after single rainfall events and that prolonged wet or dry periods are responsible for the seasonal changes in the soil.
Comparison between TDR and GPR
By fitting the hyperbolae of the metal pipes buried at 0.32 m, 0.53 m and 1.03 m it was possible to compare the average K a above the pipes measured by GPR with both frequencies (i.e. 250 MHz and 700 MHz) and the average K a corresponding to the same depths measured by the TDR probes using Eq. (4). Ten datasets spanning across the seasons were used comprising the wet/dry extremes and rainfall events described above, and warm/cold extremes occurring on 28 July 2011 and 08 February 2012, respectively (Fig. 10) . The K a values measured by GPR at the two different frequencies were very similar (Fig. 10) and their mean value was used for comparison with the TDR measurements. A number of measurements from GPR were missing for the deeper pipe because hyperbolae were not clearly visible during wet conditions. In general, GPR and TDR provided analogous measurements of K a , with a mean absolute difference of 1.41. However, GPR typically measured lower K a values during wet conditions, for K a greater than 10. Conversely, it measured higher values for K a smaller than 10, corresponding to dry conditions. It should be noted that GPR measured a bulk K a over a large sample of soil, whereas the TDR measurements were limited to the dimensions of the probes, which could only be inserted in pockets of soils containing particles smaller than the separation between the rods. The soil studied contained significant amounts of cobbles that could not be investigated by the TDR probes. As rocks have a very low K a this could explain why the bulk K a measured by the GPR (i.e. containing the cobbles) was lower than the K a measured by TDR during wet conditions. However, the GPR measured higher values than TDR during dry conditions (see the Summer months in Fig. 10) . It was noted that the TDR probes in the topsoil did not respond to rainfall events during the Summer months and did not measure an increase in K a and BEC following rainfall events as compared to the other seasons. The soil might have cracked and become hydrophobic during dry conditions leaving more air in the pores close to the TDR probes and explaining the lower K a values measured by TDR. These air gaps either allowed for very quick drainage or the particles surrounding them became hydrophobic and impeded the flow of water in the volume measured by the TDR probes. This phenomenon stopped in the Autumn when the conditions became wetter again. Notwithstanding this, the differences measured were relatively small and confirmed that both TDR and GPR can be used for measuring K a soil profiles either by inserting TDR probes at multiple depths or by fitting clear hyperbolae detected by GPR. It is interesting to note that the differences between TDR and GPR were greater if other means of averaging the TDR probes other than the refractive index method (Eq. (4)) were used. As mentioned earlier, the soil profile was divided into six layers of different thickness based on their K a values and their depths. If using simple arithmetic or weighted K a average by layer thickness the mean absolute difference increased to 1.91 and 1.49, respectively. Similarly, using fewer layers increased the difference between TDR and GPR measurements. Due to the high spatial variability in the topsoil and due to the relatively small number of probes installed in the top 0.3 m the differences between TDR and GPR were greater when compared over this depth (Fig. 10) . The differences became smaller at greater depths, demonstrating the ability of multiple TDR probes buried at different depths to provide an average characterisation of the EM behaviour of the soil that can be directly used for GPR applications. GPR was able to measure slightly different values of K a depending on which hyperbola was used for the fitting (i.e. from different targets at different depths) indicating that it could be used for measuring vertical gradients of K a in the presence of clear targets at different depths.
Conclusions
This paper has described a unique study to monitor the EM properties (K a and BEC) of an anthropogenic sandy soil in a long-term field trial (Aug 2010-Jul 2012) using TDR up to a depth of 1 m in order to determine the extent of their variation and their impact on GPR results, particularly depth, for the purpose of utility detection. During the monitored period a wide range of weather conditions occurred, and, importantly, the obtained high quality data set fills in a gap in the literature with respect to long-term monitoring over several seasons using TDR and GPR alongside each other. The results will benefit utility surveyors by providing a better understanding of the impact of weather on GPR performance and depth determination of buried utilities, and therefore giving GPR practitioners useful information for selecting the best equipment, providing better confidence in the data (including depth) and ultimately leading to an improved 3D representation of the subsurface. It is important to point out that the findings presented in this paper were obtained on a sandy soil and therefore the results might not apply to soils with considerable amounts of clay.
It was found that the soil K a varied significantly with the seasons following prolonged periods of dry and wet conditions, with extreme values of 3.7 and 25.6 for the topsoil and 5.6 and 15.8 for the bulk subsoil. The corresponding velocity variation at these extremes was 0.098 m/ns and 0.054 m/ns for the topsoil and bulk subsoil, respectively. Due to the sandy and gravelly nature of the soil studied, BEC showed smaller variability, with extremes of 0.1 and 10.5 mS/m for the topsoil and 1.0 and 8.2 mS/m for the bulk subsoil. The soil also showed some variability with depth in these parameters, with less variability during dry periods. The soil EM properties were primarily affected by changes in the soil water content caused by prolonged rainfall and evaporation events and did not show a diurnal variation cycle.
Importantly, it was confirmed that the temporal variation of the EM soil properties affects GPR performance, with degradation of the GPR images during wet periods and a few days after significant rainfall events following dry periods. Another key finding demonstrated in the paper is that using arbitrary average values of K a and BEC as inputs can lead to significant inaccuracies in the estimation of the depth of buried features, with errors potentially up to approximately 30% over a depth of 0.50 m. These inaccuracies can have major consequences for utility detection and subsequent streetworks that are relying on having as accurate depth information as possible.
Whenever a hyperbola cannot be fitted it is recommended that the soil conditions are measured or assessed during GPR surveys, and if this is not possible to use typical wet and dry K a values reported in the literature for the soil studied for improved estimations of the target depths. Finally, a comparison between the TDR and GPR results showed some interesting differences probably due to the different volumes of soil sampled by the two methods. Overall it can be concluded that both techniques can be used to measure K a soil profiles either by inserting TDR probes at multiple depths or by fitting clear hyperbolae detected by GPR.
